Purpose: Interstitial high-dose rate (HDR) brachytherapy is an important therapeutic strategy for the treatment of locally advanced gynecologic (GYN) cancers. The outcome of this therapy is determined by the quality of dose distribution achieved. This paper focuses on a novel yet simple heuristic for catheter selection for GYN HDR brachytherapy and their comparison against state of the art optimization strategies. The proposed technique is intended to act as a decision-supporting tool to select a favorable needle configuration. Materials: The presented heuristic for catheter optimization is based on a shrinkage-type algorithm (SACO). It is compared against state of the art planning in a retrospective study of 20 patients who previously received image-guided interstitial HDR brachytherapy using a Syed Neblett template. From those plans, template orientation and position are estimated via a rigid registration of the template with the actual catheter trajectories. All potential straight trajectories intersecting the contoured clinical target volume (CTV) are considered for catheter optimization. Retrospectively generated plans and clinical plans are compared with respect to dosimetric performance and optimization time. Results: All plans were generated with one single run of the optimizer lasting 0.6-97.4 s. Compared to manual optimization, SACO yields a statistically significant (P ≤ 0.05) improved target coverage while at the same time fulfilling all dosimetric constraints for organs at risk (OARs). Comparing inverse planning strategies, dosimetric evaluation for SACO and "hybrid inverse planning and optimization" (HIPO), as gold standard, shows no statistically significant difference (P > 0.05). However, SACO provides the potential to reduce the number of used catheters without compromising plan quality. Conclusion: The proposed heuristic for needle selection provides fast catheter selection with optimization times suited for intraoperative treatment planning. Compared to manual optimization, the proposed methodology results in fewer catheters without a clinically significant loss in plan quality. The proposed approach can be used as a decision support tool that guides the user to find the ideal number and configuration of catheters.
INTRODUCTION
High-dose rate (HDR) brachytherapy for the treatment of locally advanced cervical cancer is a treatment strategy known to result in low recurrence and excellent survival rates. 1 Brachytherapy may be applied either as monotherapy or as a boost after external radiation therapy. The therapy outcome with respect to disease-free survival, correlates with implant quality, in particular, the resulting dose distribution; and is linked to the skill and expertise of the radiation oncologist and physicist performing the planning and treatment. 2 In order to achieve a clinical acceptable dose distribution tailored to the underlying anatomy of each individual patient requires both a proper catheter trajectory selection and a good optimization process. 3 The final treatment plan is a trade-off between the number of catheters used and the achieved quality of the implant. Finding the right number of catheters also includes additional aspects that must be considered, such as trauma-associated edema and overall procedure time.
The current clinical HDR brachytherapy workflow is as follows: CT or MRI of the patient anatomy is acquired at the beginning of the implant process, to plan the optimal catheter configuration following certain guidelines. Those guidelines define the relative distance of catheters and their position inside the CTV. After successful implantation of catheters their trajectories are digitized to determine potential dwell positions. A plan is generated by optimizing the time the source spends at each dwell location. This can be done either manually or automatically by inverse treatment planning techniques. The general goal is to achieve a prescribed dose coverage of the CTVs while sparing the surrounding organs at risks (OARs). Usually dose-volume histogram (DVH)-related dosimetric measures (DMs) are used to quantify if a plan is clinically acceptable.
For inverse plan optimization there are currently two competing strategies. One is the optimization using a socalled dose-based objective function (DBOF), 4 where the plan quality is determined by weighted penalization of dose values below or above organ-specific dose thresholds. The resulting objective function is a weighted sum of partial linear functions for each of the dose objectives. While this problem can be optimized in reasonable time of a few seconds up to minutes, tailoring the plan to the patient's anatomy by finding an ideal set of weights and thresholds remains a time-consuming and nonintuitive procedure. The alternative is inverse treatment planning solely based on DMs (DMO). [5] [6] [7] This strategy uses a binary optimization model where the goal is to maximize the DMs for the CTVs while being constrained to fulfill all specified DMs for OARs. This strategy is generally considered to be intuitive but was so far computationally expensive and has not found its way into clinical routine. Only recently a quasi real-time plan optimization strategy with an improved target coverage and fewer hot spots 7 overcame this major limitation. This DMO strategy is based on a manual selection of catheters and usually the plans achieved with a manual-selected catheter configuration are acceptable. To further improve the plan quality, inverse planning strategies to optimize catheter positions are of high interest. For gynecologic cancer, with large and with multiple target structures as well as complex geometrical shapes limits the use of current inverse planning strategies. Some institutions rely instead on manual forward planning, trading planning speed for increased intuitive control. Starting with an initial catheter configuration, catheters are inserted until the achieved geometrical catheter distribution seems promising to cover the different targets with at least prescribed dose. From our experience the time for finding the final catheter configuration, without dwell-time optimization, can easily take more than 20 min. When analyzing the applied clinical plans, it is apparent that the number of catheters selected for treatment is rather larger. The reason might be that treatment planning is done manually. Adding more catheters guarantees a high plan quality for manual generated plans. Reducing the number of catheters yields a more complex dwell-time distribution that cannot be assessed by manual planning in reasonable time.
While catheter-induced side-effects are studied and drive catheter reduction strategies in prostate brachytherapy, 8, 9 the effects for GYN brachytherapy is still not investigated. However, a reduction in the number of catheters most likely leads to a reduction in trauma-associated edema and limits the injuries to the surrounding vessels and tissue. A decrease in the number of used catheters leads to a reduced time spent in the operating room and the time the patient is under general anesthesia. Hence, considering that toxicity and implantation time increase with the number of used catheters a decision-supporting tool, which guides the user to find a sparse configuration of catheters that still meets all constraints defined by the DMs, is of high relevance.
Currently there are several methods that allow catheter optimization for HDR brachytherapy. The most prominent and clinically used technique is "hybrid inverse planning and optimization" (HIPO). 10 It is a hybrid optimization strategy combining simulated annealing for catheter selection and a Quasi-Newton approach for dwell-time optimization. HIPO yields robust results and is frequently used for ITP of HDR brachytherapy treatments of the prostate carcinoma. Therefore, we consider it as gold standard for catheter optimization. Two other methods addressing catheter optimization based on pure geometric optimization are needle planning by integer program (NP) 11 and the centroidal Voronoi tessellation (CVT) 12 for fast needle selection. Recently a real-time catheter optimization strategy inspired by compressed sensing that allows catheter optimization based on the DBOF. 13 The presented splitting inspired subspace pursuit algorithm (SISA) is a greedy-based approach that decouples dwell time from catheter optimization. In addition, DM-based approach using mixed-integer-linear programming (MILP) by Gorissen et al. in 2013 14 is a potential approach. Although HIPO, NP, CVT, or SISA do not guarantee global optimality, they provide a good approximation within reasonable time (run-times of a few hundred milliseconds to minutes). In contrast, MILP guarantees to find the global optimum at the cost of several days of optimization time and is thus not suited for clinical use.
The focus of this paper is to introduce a novel and simple heuristic for catheter selection that can find an approximate solution in a time relevant to intraoperative needle selection. The strategy starts with a set of all possible catheters being active and iteratively deactivates the catheter with the least influence to the expected plan quality. This heuristic finally returns a range of different plans with a decreasing number of used catheters. Starting from all catheters active to a user-defined minimum number of active catheters, the proposed technique is intended to work as a decision-supporting tool which guides the physician to select the ideal number of catheters. This strategy is then compared against the state of the art strategies HIPO, NP, and CVT. As the underlying optimization model we have chosen a model solely based on DMs. The comparative test is focused on optimization time and expected plan quality.
MATERIALS AND METHODS

2.A. Dosimetric measure-based objective function
The optimization model is based on DVH-related DMs. The general idea is to maximize the DMs of one or multiple targets while on the same time fulfilling DM constraints for neighboring OARs. Hence, the user prescribes a set of DM parameters that an ideal plan should meet. The optimization problem is given by:
Here, x represents the dwell-time vector containing s elements, where s is the number of possible dwell positions. Furthermore, w i is a target-specific weighting parameter and f i x ð Þ is a function evaluating the target DM for the i-th target. In addition, T is the set containing all targets. To simplify further reading we define the objective function as Q x ð Þ ¼ P i2T w i Á f i x ð Þ. In analogy to the targets, O is the set containing all prescribed DMs for the neighboring OARs. Furthermore, u j x ð Þ is a binary function evaluating if the j-th constraint is fulfilled or not. Hereby, u j x ð Þ ¼ 1 if the constraint is fulfilled and u j x ð Þ ¼ 0 if not. Recently, we introduced a smooth approximation of the problem given by Eq. (1). 7 The advantage of this approach is that both f i x ð Þ and u j x ð Þ are approximated by logistic functions v i=j x ð Þ, which is given by:
Here, P i=j ¼ 1; . . .; m i=j À Á is the set labeling all dose points inside a given structure i/j and D m,l,i/j is an entry of the so-called dose rate dictionary. Each entry represents the dose rate at a given dose point m introduced from a source placed at a potential dwell position labeled with l 2 S ¼ 1; . . .:; s ð Þ . The accumulated dose can simply be calculated as a multiplication of dose rate dictionary with the l-th entry of the dwell-time vector x l . In addition, t i/j is a DM-related dose threshold and b i/j represents the steepness of the logistic function and hence the quality of the approximation. Depending if b i/j is a target i ð Þ or an OAR j ð Þ it is either positive or negative. To further simplify Eq. (1) the equality constraints of the OARs are replaced with an inequality, where the introduced parameter p j is a DM-specific point threshold. Thus, for an OAR a DM is fulfilled if the number of dose points exceeding the dose threshold is below the point threshold. To incorporate catheter optimization we add an additional constraint that the number of used catheter equals a predefined threshold. Thus, the final optimization reads as:
QðxÞ s:t:
Here, c x ð Þ is a function that evaluates the number of used catheters for a given dwell-time vector x. This optimization problem is computationally expensive to solve. Only the reformulation of Eq. (3) into an MILP following the strategy of Gorissen et al.
14 guarantees finding the global optimum.
2.B. Shrinkage algorithm for catheter optimization
In order to allow intraoperative treatment planning we developed a heuristic based on an iterative shrinkage approach named Shrinkage Algorithm for Catheter Optimization (SACO). The major advantage compared to competing strategies is that the proposed method is able to provide many different plans for one single run of the optimizer. The plans represent potential solutions from a user-specified range of possible number of needles starting from a maximum to a minimum number of used catheters.
The fast multitarget inverse treatment planning strategy called SDMO previously introduced for GYN treatment planning is the underlying optimization principle. 7 For a given needle configuration, SDMO enables near real-time planning and an improved target coverage compared to competing strategies To include catheter optimization, a two-level greedy approach is realized. The main principle is to sequentially optimize catheter configuration using an iterative shrinkage approach followed by dwell-time optimization. The algorithm is as follows:
The algorithm starts with an initial run of SDMO to solve the problem described by Eq. (1), whereby all potential dwell positions and thus all catheters are active. Now iterative shrinkage is performed. Each iteration starts with a catheter reduction step, where the catheter with the least influence to the actual objective function value is determined and deactivated. In detail, this is achieved by setting all possible dwell times for a given catheter l* to zero and afterward re-evaluating the objective function. Assuming that this can be evaluated by, then the subproblem of identifying the catheter with the least influence, is given by:
ðx; lÞ s:t:
where C is the index set of all active catheters, and g l ð Þ is a function that returns a subset of P that contains the indices of all dwell positions at a certain catheter l. Eq. (4) can be solved by simply evaluating the objective function value of the resulting catheter configurations and finding the maximum attained value and related index l*. The selected catheter l* can be deactivated with the least loss in objective function value. This catheter l* is added to the set of indices of deactivated cathetersC and the SDMO problem Eq. (1) is solved with the additional constraint that all dwell times of dwell positions which are located at the catheters within the setC are set to zero:
Here, p(C) returns the subset of S containing l deactivated dwell position connected to de-activated catheter configuration given by the setC. The iteration continues until the number of elements in C matches the predefined catheter threshold c. The intermediate plans calculated after the catheter reduction step can be saved and thus a range of different plans are generated during a single run of SACO. The final plan represents a possible solution of Eq. (3). However, the shrinkage heuristic provides only an approximation without a guarantee for optimality. A pseudo code of the discussed algorithm is presented in Algorithm 1.
Algorithm 1
2.C. Comparison of existing methods for DM-based catheter optimization
In general, the already existing methods HIPO, NP, and CVT are able to provide solutions in reasonable time but without any guarantee for optimality. Adaption of each of the methods in order to allow for catheter optimization is necessary.
Hybrid inverse planning and optimization combines a stochastic approach for catheter optimization and a quasiNewton approach for the dwell-time optimization based on the DBOF. The quasi Newton approach is used since the Heaviside stepping function, which is necessary to evaluate values below or above the organ-specific dose thresholds, is approximated with a logistic function. For the stochastic approach simulated annealing (SA) is used to find the ideal catheter configuration for a given number of possible catheters. 10 During each SA iteration, the dwell times are adapted and the new configuration is rated according to the achieved objective function value. To allow optimization based on DMs, only the DBOF-based optimization has to be replaced with SDMO.
The NP is a pure geometric-based optimization for catheter placement. Even though it was designed for optimization of oblique needles it can also be used for catheter optimization using a template and parallel trajectories. The idea is that the catheter optimization is decoupled from dwell-time optimization solely based on geometric considerations. The underlying optimization problem for catheter optimization is based on a binary programming problem (BP). The goal is to find a catheter configuration that allows a sparse coverage of all dose points. It is assumed that a dose point is covered when it lies within a certain range d of a dwell point. Here, d is a parameter that has to be manually defined and based on our experience with NP is linked to the final number of used catheters. Hence, our planning strategy is as follows. The catheter optimization tries to determine an ideal d that returns a configuration with a maximum number of allowed catheters followed by single run of SDMO.
The adapted CVT algorithm for catheter optimization is a simple and fast method to optimize the number and positions of catheters. This is presented for HDR brachytherapy planning for arbitrary templates or template-free implants. The idea is to project the contours of the target onto a virtual template plane and apply a 2D CVT that distributes catheters uniformly inside the nonconvex polygon representing the outermost contour. The uniformly distributed points represent a potential catheter configuration that is used for dwell time optimization. To consider the rigid geometry of the Syed Neblett template, the CVT algorithm is applied and afterward the suggested positions are matched to possible template holes using the shortest Euclidean distance between suggested and possible positions.
2.D. Patient datasets and method evaluation
The records of 20 patients with gynecologic cancer treated with image-guided MR-interstitial HDR brachytherapy all performed by one physician were used in this IRB approved study. The diseases included were cervical cancer (six patients), uterine cancer (eight patients), vaginal cancer (five patients), and vulvar cancer (one patient). All plan information such as contours, used dwell positions and dwell times as well as catheter digitization are extracted from the DICOM files.
In order to retrieve the template position, the first 10 mm of the digitized catheters were used to estimate position and direction of each individual catheter. Afterward all catheters are projected onto a virtual plane with a normal vector representing the mean direction of all catheters and a point representing the most inferior point of all digitized catheters. Those points are used to perform a rigid registration to match the template holes with the projected points. Figure 1 exemplarily shows the result of the described template registration.
After template registration, potential catheter positions were identified. Those are positions where an ideal trajectory would hit at least one of the targets and at the same time being at least 5 mm away from surrounding OARs. Ideal trajectories are assumed to be parallel to the normal of the virtual plane and possible dwell positions are defined along its path with 5 mm spacing. Possible positions are all those points within the contours of the CTV and the vagina plus a 5-mm margin. The number of extracted catheters ranged from 9 to 56 possible trajectories resulting in 115-1003 possible dwell positions.
The dose points inside the primary CTV and the OARs were uniformly distributed within the volumes with a sampling density of 1 mm À3 . For the vagina, dose points are only distributed at the surface with a density of 1 mm À2 . If the number of dose points per organ was less than 500 or exceeded a maximum of 1,500, the sampling density was changed to fulfill those boundaries. The generation of dose points follows the suggestion by Lahanas et al. 15 With those settings, the number of generated dose points ranged from 7,440 to 11,838.
The treatment targets were the primary CTV and an intermediate-risk CTV that is the contoured portion of the vagina. The planning goals were to cover 95% of the CTV's volume with the prescribed dose (V100 ≥ 95%) and to cover the surface of the vagina with at least 60% of the prescribed dose (D100 ≥ 60%). The OARs were the bladder, rectum, and sigmoid colon. In order to avoid hot spots within the target regions additional dose constraints are introduced. A summary of all constraints can be found in Table I. The weighting parameters w i of Eq. (1), which are prioritizing the targets, were set to one for the CTV and 0.5 for the vagina. This ensures that the highest priority is to cover the target with the prescribed dose. The set of parameters was empirically chosen and resulted in a trade-off between coverage of the CTV and vagina similar to the clinical plans.
The following study focuses on the comparison of the different planning strategies. The reference is manual plan (MAN) extracted from the DICOM-RT files. Manual planning includes a manual selection of used catheters followed by graphical optimization. The inverse planning strategies are SACO, HIPO, NP, and CVT. The study first evaluates the performance of SACO against the competing strategies by setting the maximum number of used catheters to the found number of used catheters retrieved from the DICOM-RT files. Afterward, the potential toward a catheter reduction is evaluated. Therefore, the maximum number of catheters is set to 75% and 50% of the originally used number of catheters. All generated plans are compared with respect to optimization time, DMs, active dwell positions, as well as accumulated, mean, and maximum dwell times. For stochastic analysis, a two-sided Wilcoxon signed-rank test was used.
Finally, the potential of SACO to guide the user in order to select a patient-specific number and configuration of catheters for an exemplarily patient is presented.
2.E. Method implementation
All optimization algorithms have been implemented into our in-house developed planning system. The system provides a DICOM interface and was specially designed for 
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The system itself is implemented in Matlab v2016a (MathWorks, Inc., Nattick, MA, USA). For optimization of the SDMO the built-in "fmincon" function is used. The BP problem is solved using the IBM ILOG CPLEX Optimization Studio v12.6 (IBM, Armonk, NY, USA).
All computations were performed on a MacBook Pro using an Intel Core i7-3829QM CPU with 2.7 GHz and 16 GB RAM. The operating system was OS X 10.11.2.
RESULTS
With the discussed modifications, all inverse treatment planning approaches allow optimization of multitarget treatment plans for HDR brachytherapy of gynecologic cancers.
For comparison with a fixed number of catheters as found in the DICOM files the mean optimization time of SACO, HIPO, NP, and CVT was found to be (4.3 AE 10.1, range: 0.8 to 24.5) s, (27.8 AE 35.6, range: 0.8 to 119.4) s, (1.5 AE 1.0, range: 0.9 to 5.4) s, and (4.7 AE 1.6, range: 2.5 to 8.9) s, respectively. All numbers are for a single run of the optimizers and the times do not include an adaption of the plan according to patient-specific needs. The optimization time of MAN was not recorded, but from our experience planning time for graphical optimization is approximately 30 min. However, for complex geometries the planning time can even exceed 1 h.
A detailed comparison of the number of used dwell positions and observed dwell times is summarized in Table II . While the number of active dwell positions between MAN-SACO, HIPO-SACO, and CVT-SACO differ significantly (P ≤ 0.05), the accumulated dwell time of HIPO-SACO, NP-SACO, and CVT-SACO are comparable (P > 0.05). With respect to maximum dwell time only CVT-SACO showed a statistically significant increase (P ≤ 0.01).
With respect to the target criteria, a statistically significant increase of the V100 of CTV (P ≤ 0.05) and D100 of the vagina (P ≤ 0.01) was observed for MAN-SACO, MAN-HIPO, MAN-NP, and MAN-CVT. Except for the D50 criteria of the bladder and the D2 cc of the rectum, the improvement also yields a significant increase in the OAR criteria (P ≤ 0.05). Since all dosimetric measures for the OARS are still fulfilled this increase is assumed to be clinically acceptable. A detailed comparison of the dosimetric rating is presented in Figs. 2 and 3 . Figure 3 shows the robustness of the SDMO-based planning and the ability to increase the target coverage while at the same time respecting the constraints of the OARs 
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Sigmoid D10% ≤50 (Fig. 4) . Without needle reduction, the median D100 for the CTV for MAN, SACO, HIPO, NP, and CVT was found to be 62.75%,101.0%, 104.9%, 103.9%, and 88.2%, respectively. For the second target, the vagina, the D100 was 39.2% (MAN), 70.6% (SACO), 68.6% (HIPO), 70.6% (NP), and 63.7% (CVT). The optimization time for the 25% catheter reduction, that is, only use a total of 75% of the found catheters, was for SACO (10.1 AE 13.0, range: 1.6 to 53.5) s, for HIPO (61.5 AE 56.6, range: 26.7 to 289.7) s, for NP (1.5 AE 1.2, range: 0.8 to 6.3) s, and for CVT (4.2 AE 1.6, range: 2.0 to 8.9) s. Depending on the initial plan this lead to a reduction of one to eight catheters with a median of four catheters. For SACO, the number of returned plans varies between two and five plans per single run of the optimizer. For both the primary target and the vagina, SACO-HIPO and SACO-NP perform almost equally (P > 0.05) while a statistically significant difference was observed for SACO-CVT (P ≤ 0.01). The DMs for the targets are also summarized in Fig. 2 . Again, the increase in target coverage is due to a statistically significant increase in dose delivered to the OARs (P ≤ 0.05). However, all constraints are fulfilled and thus the plans are expected to be clinically acceptable. The median D100 for the CTV was 102.0%, 104.9%, 100.0%, and 89.2% for SACO, HIPO, CVT, and NP, respectively. The D100 values for the vagina are 68.6% (SACO), 70.6% (HIPO), 70.6% (NP), and 64.7% (CVT). For illustration Fig. 4 shows a manual plan and the achieved SACO plan for a representative patient. The SACO plan was generated with three catheters less than the MAN plan.
For a catheter reduction of 50%, the optimization time was (14.5 AE 22.0, range: 1.6-97.5) s for SACO, (45.6 AE 25.1, range: 23.3-141.2) s for HIPO, (1.5 AE 0.7, range: 0.8-3.7) s for NP, and (3.4 AE 0.9, range: 2.0-5.7) s for CVT. A 50% catheter reduction resulted in plans with a median of seven catheters less than the applied plan and ranged from a reduction of 2-17 catheters. The number of returned plans for a single run of SACO was (7.5 AE 4.0, range: 2-18) s. As for the 25% scenario, the CVT coverage of SACO-HIPO and SACO-NP did not show a significant difference (P > 0.05), while it was significant for SACO-NP (P ≤ 0.001). The same accounts for the vagina, where a statistically significant deviation was found for SACO-NP (P ≤ 0.05). The median D100 for the CVT was found to be 92.6% for SACO and HIPO, 87.3% for NP, and 69.6% for CVT. The D100 coverage for the vagina for SACO, HIPO, NP, and CVT was 68.6%, 67.7%, 67.7%, and 60.8%, respectively. Figure 5 shows the guidance tool and its application to guide the user to find an ideal plan for a representative patient. For the user-specified range, 1-20 catheters, the example shows a plan with five catheters. All constraints for the targets and the OARs are fulfilled. In addition, the figure shows the range of all achieved DVHs as a colored area behind the selected DVH. In addition, Fig. 6 visualizes the achieved dosimetric measures using a color-coding scheme. If one of the constraints is not fulfilled it is coded as red. If a constraint is fulfilled the color encoding from light green to dark green visualizes difference to the specified boundary of the DM starting from 0% to 10% with a 2% increment. Using  Fig. 5 , it can be seen that at least four catheters are recommended in order to fulfill all DMs.
Finally, the achieved objective function value for the different planning techniques as a function of used catheter is shown in Fig. 7 . The overall optimization time for SACO was 22.3 s, for HIPO 1332.8 s, for NP 36.8 s, for CVT 80.5 s. In contrast to SACO, where a single run of the optimizers returns all plans for a given catheter range, the remaining optimization strategies must be executed for each individual number of maximum allowed catheters within this range. The mean difference in final objective function value between SACO, NP, and CVT, with respect to HIPO, which is used in this study as reference, was 0.7%, 2.1%, and 2.6%, respectively.
DISCUSSION
The goal of this paper was to investigate a novel, simple, and fast heuristic incorporating catheter selection that allows DM-based inverse planning including catheter optimization for GYN brachytherapy and to compare it against competing state of the art strategies. The proposed algorithm SACO allows fast intuitive treatment planning where plans can be generated within seconds. Since it is based on our SDMO approach the generated plans always fulfill all user-specified constraints of the OARs while maximizing the coverage of the targets. The advantage compared to other method is that SACO generates a range of different plans from which the user can intuitively select the right number and position of catheters. Compared to the clinical standard HIPO the achieved speed up for generating a specified range of plans is around 40.
The catheter heuristic of SACO is based on an iterative shrinkage algorithm and cannot guarantee solutions near the global optimum. However, the achieved solutions do not show a significant difference in achieved DMs as compared to gold standard HIPO. Assuming infinite optimization time HIPO is able to retrieve the global optimum that might lead to a larger difference. Since in clinical routine a compromise between quality and optimization time is made the difference is negligible. This indicates that the iterative shrinkage heuristic of SACO is a promising and valid approach to approximate a solution of the problem given by Eq. (3).
The NP and CVT are both methods where the catheter selection is based on geometric considerations. The underlying problems are, at least for the GYN treatment planning using a Syed Neblett template to define possible trajectories, computationally inexpensive to solve. This explains why NP and CVT outperform SACO in terms of optimization time for a single run. Only if a certain range of plans is requested by the user SACO outperforms NP and CVT.
Centroidal Voronoi tessellation is a fast algorithm that was initially designed for template-free optimization. Due to the additional template registration step, the performance of CVT with respect to DM performance is degenerated. Also, it seems that by using the maximum external contour CVT is not ideal for multitarget optimization (Fig. 2.) . This can be explained that during the projection of the contours onto a virtual plane in order to generate the maximum external contour some or even all information of the secondary target is lost. This accounts for the reasonable CTV coverage but poor performance with respect to vagina coverage.
In summary, the algorithms SACO, HIPO, NP, and CVT generate HDR brachytherapy treatment plans within seconds to minutes. For SACO, HIPO, and NP the difference in terms of retrieved DMs is not statistically significant. Even CVT shows a reasonable performance but is not recommended for multitarget optimization. Especially when different plans with a varying number of maximum allowed catheters are generated SACO is more efficient than the competing methods. Generating multiple plans with a single run of the optimizer is the main advantage of the presented method.
Taking the results shown in Fig. 6 into account we see that HIPO and SACO yield better results for a small number of catheters while both perform almost equally for the remaining number of catheters. Hence, the simple heuristic to deactivate catheters based on the influence to the final objective function value is a valid approach to predict the final catheter configuration. It is important to note, that for small numbers of catheters the computationally more expensive HIPO is advantageous. To overcome this issue for small catheters one can use the result of SACO to initialize a gradient descent step to select the final configuration.
Since a reduction of catheters by achieving a predefined plan quality is of primary interest both HIPO and SACO outperform the geometric approaches. Taking optimization time and flexibility as benchmarking criteria we would prefer SACO over NP and HIPO. To further improve the quality and to find the global optimum the results of SACO can be used as a starting point for HIPO or even as an initial guess to solve the MILP formulation of the DM-based problem. However, this might lead to a marginal improvement of target coverage that might not be clinically relevant.
The guidance tool allows a fast and intuitive selection of catheters. The depicted case is an example for the ability to reduce the number of used catheters. While the applied plan used for interstitial catheters as well as for channels of the applicator and the tandem, the selected SACO plan needs only one interstitial catheter plus three channels within the applicator and the tandem.
In order to use SACO guidance within a clinical routine the following preimplantation steps for MR-based imageguided brachytherapy are proposed. (a) An initial preimplantation scan has to be carried. Based on this the user contours 
CONCLUSION
We demonstrated that our proposed heuristic for catheter optimization SACO is able to provide fast catheter optimization. Comparing the proposed clinical workflow of generating a range of different plans from which the user can choose SACO is significant faster. For the performed experiments a speed of more than an order of magnitude was observed. Since it is based on SMDO it generates robust plans with an increased target coverage while at the same time, it guarantees to fulfill all constraints for OARs. The ability of SACO to return a wide variety of plans and in combination with the presented signal light like encoding it can be used as a decision support tool to guide the user to find the ideal number and configuration of catheters.
In addition, this initial feasibility study shows that a preplanning step including a SACO guidance has the potential to reduce the number of used catheters. Less catheters might yield a reduction in toxicity which is caused by the trauma introduced during implantation. Since the procedure time is proportional to the number of used catheters this approach has also the ability to shorten treatment time. In order to validate this and to establish a clinical workflow a large patient study is necessary and should be addressed in future.
The combination of SACO with appropriate tracking devices opens up the possibility of an interactive and intraoperative image-guided HDR brachytherapy. It is not site specific and highly flexible. The ability to guide the user during the intervention might be beneficial to teams with less experience to provide a high implant quality.
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